Methods

Animals
Seventy-two healthy New Zealand white rabbits (aged 28 weeks, weighing 2-3 kg) from Beijing Haidian Experimental Animal Farm were enrolled in this study group. The experimental protocol was approved by the Animal Experiment Ethics Committee of the Peking Union Medical College Hospital. All rabbits underwent an adaptive feeding schedule for 1 week and were weighed before each experiment. The rabbits were randomly divided into four groups: (1) NEC (ON) group: thirty rabbits were treated with lipopolysaccharide (LPS) 10 μg/kg intravenously (i.v.) once, then with methylprednisolone (MPS) 20 mg/kg i.v. at 24, 48, and 72 h after the LPS injection. On the same day, LPS was administered, the rabbits were also treated with 8% alcohol 4 mg/kg intraperitoneally (i.p.) every day for 2 weeks;
(2) PRE (prevention) group: thirty rabbits were treated with LPS 10 μg/kg i.v. once, then with (MPS) 20 mg/kg i.v. at 24, 48 , and 72 h after the LPS injection. On the same day, that LPS was administered, the rabbits were also treated with resveratrol (dissolved in 8% alcohol) 4 mg/kg i.p. every day for 2 weeks; (3) RES (resveratrol) group: six rabbits were treated with the same volume of normal saline instead of LPS and MPS and were given resveratrol i.p. every day for 2 weeks; and (4) CON (control) group: six rabbits were treated with the same volume of normal saline instead of LPS and MPS and were given 8% alcohol 4 mg/kg i.p. every day for 2 weeks.
Rabbits were sacrificed (NEC group, n = 16; PRE group, n = 16; RES group, n = 3; and CON group, n = 3) at 2 weeks and (NEC group, n = 14; PRE group, n = 14; RES group, n = 3; and CON group, n = 3) at 12 weeks after injection with pentobarbital after the last MPS treatment. Bilateral femoral and humeral bones were harvested and preserved in formalin.
Laboratory assessments
Before LPS injection and at 1, 2, 4, and 12 weeks later, plasma tissue-type plasminogen activator (t-PA), plasminogen activator inhibitor-1 (PAI-1), thrombomodulin (TM), and vascular endothelial growth factor (VEGF) were measured by enzyme-linked immunosorbent assays. The bilateral proximal femurs were evaluated by dynamic contrast-enhanced magnetic resonance imaging (MRI, GE Medical System, Fairfield, CT, USA) with a human knee joint coil and the maximum enhancement (ME) was calculated. [10] Table 1 shows MRI scan sequences and parameters.
Histological and immunohistochemical assessment
The proximal third of the femur and humerus were harvested, embedded in paraffin, and sectioned to 6-μm-thick sections. Sections were stained with hematoxylin and eosin (H&E) to evaluate ON. Characteristic histopathological features of ON were defined as a diffuse presence of lacunae or pyknotic nuclei of osteocytes in the trabeculae accompanied by surrounding necrotic bone marrow, adipocyte hypertrophy, and vascular thrombosis. All rabbits that had at least one osteonecrotic lesion in the examined sections were judged to be ON + . Those with no osteonecrotic lesions were deemed ON − . The incidence of ON was defined as the number of ON + rabbits divided by the total number of rabbits. Immunohistochemical staining was performed using a streptavidin-peroxidase method. Vascular endothelial cells and bone marrow cells containing brown granules and stained darker than the background were defined as positive. [11] 
Statistical analysis
Categorical variables were analyzed by Fisher's exact probability test. Numerical variables were expressed as a mean ± standard deviation (SD). Independent samples t-test was used to compare intergroup differences. The paired t-test was applied to compare intragroup differences at the same time point. A P < 0.05 was statistically significant. SPSS version 17.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis.
results
Incidence of osteonecrosis
After 2 weeks of MPS treatment, the ON incidence was 75.0% (12/16) in the NEC group and 43.8% (7/16) in the PRE group but was not significantly different (P = 0.074). One rabbit in the NEC group died after the third MPS injection. At 12 weeks after MPS administration, the ON incidence was 42.9% (6/14) in the NEC group and 28.6% (4/14) in the PRE group but was not significantly different (P = 0.347). Two rabbits in the NEC group and three in the PRE group died after injection of pentobarbital, MPS, or LPS. There was no ON or death in the RES or CON groups at 2 weeks or 12 weeks after MPS administration.
Laboratory results
At 1 week after MPS injection, the plasma TM concentration was significantly increased in the NEC and PRE groups but then decreased to pre-LPS injection levels. At 1, 2, and 4 weeks after MPS injection, the plasma TM concentration was significantly higher in the NEC group than in the PRE group (P < 0.05). However, at 12 weeks, there was no significant difference between the two groups (P > 0.05) [ Table 2 ].
The plasma t-PA and PAI-1 concentrations showed variable changes in the NEC and PRE groups. The t-PA/PAI-1 ratio was lower than that before LPS injection [ Tables 3 and 4 ].
Plasma VEGF increased after MPS injection in the NEC and PRE groups and reached a peak at 2 weeks, which then decreased to baseline levels at 12 weeks. The VEGF concentration was significantly higher in the NEC group than in the PRE group at 1, 2, and 4 weeks after MPS injection (P < 0.05), but the difference had disappeared at 12 weeks (P > 0.05) [ Table 5 ].
The plasma TM, t-PA, PAI-1, and VEGF concentrations in the RES and CON groups showed no change at the different time points studied [ Tables 6-9 ].
Dynamic contrast-enhanced magnetic resonance imaging results
MRI showed evenly distributed signals in normal bone, and cystic changes in ON bones [ Figure 1a and 1b]. In the NEC group, ME was significantly decreased at 1 week after MPS administration, significantly increased at 2 weeks, and decreased at 12 weeks. ME did not change significantly in the PRE group [ Figure 2 ].
Histological results
ON + specimens with H&E stainings showed that osteocyte lacunae or pyknotic nuclei were present in the trabeculae accompanied by surrounding necrotic bone marrow, adipocyte hypertrophy, and vascular thrombosis. Some specimens also had dead bone, a disappearance of osteoblasts, and/or fibrous tissue and capillary vessel hyperplasia [ Figure 3 ].
Tissue factor (TF) and VEGF staining were positive (++) or strongly positive (+++) in the ON + specimens [ Figure 4a and 4b] but were negative (−), weakly positive (+), or positive (++) in ON − specimens [ Figure 4c and 4d]. TF and VEGF staining were positive (++) or strongly positive (+++) in endothelial and bone marrow cells of the NEC group but weakly positive (+) or positive (++) in the PRE group. 
dIscussIon
Steroid-associated ONFH is the main cause of nontraumatic ON. Numerous studies have attempted to establish an animal model of steroid-associated ON. A previous study showed that a small dose of LPS combined with high-dose MPS produced a high rate of ON with a low mortality rate. [12] In the current study, we modified the method of Qin et al. [12] by administering a single i.v. injection of LPS, then three doses of MPS. The ON incidence was 75.0% at 2 weeks in the NEC group, with a mortality rate of 6.3% (1/16), suggesting that this method successfully induced steroid-associated ON. Resveratrol was diluted in 8% alcohol, and Con groups received an i.p. injection of 8% alcohol alone. Considering the small volume and low concentration of alcohol and that ON did not occur in the RES or CON groups, we believe that ON was induced by the LPS/MPS combination and that the alcohol had no effect.
In H&E-stained ON + specimens, lacunae and/or pyknotic nuclei were observed in osteocytes in the trabeculae. This appearance was accompanied by surrounding necrotic bone marrow, adipocyte hypertrophy, and vascular thrombosis. Some rabbits also had a repair response such as fibrous tissue and capillary vessel hyperplasia. [12, 13] All of these characteristics are similar to those of ON in humans, indicating this model will be useful for medical research to prevent steroid-associated ON. The incidence of ON in the NEC group at 12 weeks was lower than that at 2 weeks, which could be related to the repair process. [14] Although the mechanism of ONFH is not fully understood, a consensus was recently reached to accept that endothelial cell injury, intravascular thrombosis, and vascularization insufficiency contribute to its development. [15] TM is a glycoprotein expressed mainly on endothelial cell membrane and is an excellent biomarker of endothelial cell injury. In addition to protein C, it has a role in counteracting hypercoagulation and hypofibrinolysis after endothelial cell injury, thereby maintaining a balance between coagulation and fibrinolysis. In this study, after 1 week of i.v. MPS, the TM level was significantly increased in the NEC and PRE groups. However, TM levels were significantly lower in the PRE group than in the NEC group at 1, 2, and 4 weeks, indicating a reduction of LPS/MPS-induced endothelial cell injury. Possible mechanisms include inhibiting the release of tumor necrosis factor-α (TNF-α) and liposomes, stabilizing the liposomal membrane and prohibiting cyclooxygenase and nuclear factor-κB (NF-κB) activation, thereby reducing cytokine formation and tissue damage. [16] [17] [18] TF is a cell membrane glycoprotein and a type 2 cytokine receptor and is the main factor in initiating the coagulation cascade as well as being a biomarker of endothelial cell injury. TF is up-regulated after endothelial damage and initiates the coagulation process. Resveratrol dose-dependently inhibited endothelium and monocyte NF-κB transcription to reduce TF production. Resveratrol was also shown to reduce LPS-, interleukin-1β-, and/or TNF-α-induced TF mRNA expression. [8, 9, 19] Furthermore, resveratrol treatment protected cultured endothelial cells against increases in the expression of TNF-α and attenuated inflammatory injury of the vascular wall. [20] Resveratrol treatment also significantly enhanced baboon arterial endothelial cell proliferation and attenuated the TNF-α-induced impairment of proliferation at optimal doses of 1-50 μmol/L. The authors of that study recommended resveratrol should be considered a candidate drug for the prevention and treatment of inflammatory vascular diseases. [21] In this study, TF expression was positive (++) or strongly positive (+++) in the NEC group but weakly positive (+) or positive (++) in the PRE group, indicating that resveratrol reduced TF production and thrombosis formation.
t-PA and PAI-1 levels are controlled by a dynamic balance, and disturbance of the balance leads to thrombosis formation. ON was significantly associated with elevated levels of PAI-1 activity and elevated PAI-1/t-PA ratios. In the sera of patients with ONFH, the levels of PAI-1 were increased, whereas t-PA levels were significantly decreased. The stimulation of PAI-1 and the inhibition of t-PA inhibited the fibrinolytic system leading to increased coagulation. [22] [23] [24] In a triple-blind, randomized, placebo-controlled, 1-year follow-up trial, resveratrol prevented an increase in PAI-1 and inhibited atherothrombotic signals in peripheral blood mononuclear cells. [23] In the current study, the t-PA and PAI-1 levels fluctuated in the NEC and PRE groups, but the t-PA/ PAI-1 ratio was consistently lower than at baseline. There was no significant difference between the NEC and PRE groups, indicating an absence of sufficient fibrinolysis and a tendency toward thrombosis development. It also suggested that a single resveratrol dose of 4 mg/kg had a limited effect on t-PA and PAI-1 levels. Increasing the dosage of resveratrol might improve its function, but whether it could reduce the risk of thrombosis needs further study.
Dynamic contrast-enhanced MRI can reflect the extent of vascularized tissue. ME declined in the presence of insufficient vascularization and poor tissue perfusion. [25] In this study, ME was significantly reduced at week 1 in the NEC group but did not vary significantly in the PRE group, indicating that resveratrol improved vascularization and blood supply. VEGF is an important signaling protein for angiogenesis under hypoxic conditions. [15] Tissue ischemia or hypoxia-induced local increases in VEGF expression to promote neovascularization and relieve local tissue ischemia or hypoxia, indicating that VEGF is an important signaling protein for physiologic and pathologic angiogenesis under hypoxic conditions. [26] [27] [28] Consistent with ME changes by dynamic contrast-enhanced MRI, plasma VEGF concentrations in the PRE group were significantly lower than in the NEC group at weeks 1, 2, and 4. In addition, VEGF staining was positive or strongly positive in the NEC group but weakly positive or positive in the PRE group, further indicating that resveratrol protected the endothelium from MPS-induced damage and suggests it should improve local blood flow and reduce tissue hypoxia.
This study used serology, dynamic enhanced MRI, and immunohistochemical studies to show that resveratrol improved local blood flow through its anti-inflammatory effect, protection of endothelium, and reduction of thrombosis formation, although there was no significant difference in the incidence of ON between the NEC and PRE groups at week 2 and week 12. The reasons for this might be explained by: (1) a repair reaction in ON bone;
(2) the lack of clarity as to whether the timing and dosage of resveratrol applied in this study are appropriate and therefore requires further study. Increasing the dosage of icaritin further reduced the incidence of steroid-associated ON. [15, 29] Resveratrol and icaritin are both polyphenols, although resveratrol has a stronger bioactivity. Therefore, increasing the resveratrol dosage might further reduce the incidence of ON; (3) the number of rabbits in this study was relatively small, and some rabbits died in some groups, further reducing the group number. The difference in ON incidence between the NEC and PRE groups might be found to be exaggerated if more rabbits were included in this study. This study demonstrated that the effects of resveratrol on reducing the incidence of ON require further research.
The PRE group had a lower ON incidence than the NEC group, but with no significant differences at 2 weeks and 12 weeks. The RES and CON groups did not develop ON. TM and VEGF were significantly higher in the NEC group compared with the PRE group at weeks 1, 2, and 4, but the difference disappeared at 12 weeks. Resveratrol may improve blood supply to bone in a rabbit model of ON of the femoral head via anti-inflammatory effects to protect the vascular endothelium and reduce thrombosis.
